Extreme weather has recently become frequent. Heavy rainfall forms storm runoff, which is usually very turbid and contains a high concentration of organic matter, therefore affecting water quality when it enters reservoirs. The large canyon-shaped Heihe Reservoir is the most important raw water source for the city of Xi'an. During the flood season, storm runoff flows into the reservoir as a density current. We determined the relationship among inflow peak discharge (Q), suspended sediment concentration, inflow water temperature, and undercurrent water density. The relationships between (Q) and inflow suspended sediment concentration (C S0 ) could be described by the equation C S0 = 0.3899 × e 0.0025Q , that between C S0 and suspended sediment concentration at the entrance of the main reservoir area S1 (C S1 ) was determined using C S1 = 0.0346 × e 0.2335CS0 , and air temperature (T a ) and inflow water temperature (T w ) based on the meteorological data were related as follows: T w = 0.7718 × T a + 1.0979. Then, we calculated the density of the undercurrent layer. Compared to the vertical water density distribution at S1 before rainfall, the undercurrent elevation was determined based on the principle of equivalent density inflow. Based on our results, we proposed schemes for optimizing water intake selection and flood discharge during the flood season.
Introduction
In recent years, reservoirs have increasingly been built as sources of drinking water, with concurrent functions related to irrigation, flood control, and power generation [1] [2] [3] . With the increasing trend of global warming, extreme weather has been occurring at a greater frequency [4] [5] [6] . Severe rainfall caused by extreme weather impacts lakes and reservoirs [7, 8] , where an accumulation of sediment and increase in turbidity often accompany the heavy rainfall [9] [10] [11] . The sudden increase in suspended sediment and organic matter due to inflow water with high turbidity after rainfall events markedly affects water quality [12, 13] . Highly turbid raw water increases the operating cost of water treatment plants [14] [15] [16] . The input of easily decomposed organic matter can cause a rise in the dissolved oxygen consumption rate and lead to anaerobic conditions in the hypolimnion, consequently resulting in significant water quality deterioration because nutrients and metal substances continue to diffuse into this layer from the sediments [17, 18] .
Most lakes and reservoirs in tropical and subtropical zones usually become thermally stratified owing to the changes in water density in the vertical plane [19, 20] . Thermal stratification is strongly associated with hydrodynamics and plays an important role in aquatic ecosystems [18, 21] . Rainfall drives runoff, and in stratified reservoirs, the runoff flows into a layer with an equivalent density and moves within this layer, which is known as the density current [22] [23] [24] . Density currents are divided into sediment density currents, salinity density currents, and temperature density currents [25] . Sediment density currents and temperature density currents are common in source water reservoirs, with the former carrying serious exogenous pollution [26, 27] .
There are many studies on the numerical models of density currents, and these contain some useful conclusions [28] [29] [30] [31] . However, heavy rainfall during the flood season results in runoff that forms quickly and rapidly reaches the main reservoir from upstream areas [32] [33] [34] . This requires a quick response from the reservoir managers. However, it usually takes a long time to get the results of calculations from existing numerical models for density currents, which adversely affects the timely scientific scheduling of reservoirs. Therefore, quick and manoeuvrable schemes need to be developed.
The Heihe Reservoir is the most important raw water source for the city of Xi'an. More than 60% of the annual precipitation in this watershed occurs from July to September [3] . Inflow water with high turbidity increases the risk to drinking water security during the flood season. In this study, we determined the relationships among inflow peak discharge, suspended sediment concentration, inflow water temperature, and undercurrent water density. By calculating the elevation of the undercurrent layer and combining it with the outlet elevations of intake tower and spillway tower, we propose a scheme for optimal operation of the Heihe Reservoir during the flood season. We believe that our scheme could also work as a management strategy for managers of other reservoirs.
Materials and Methods

Study Area
Heihe Reservoir (34 • 02 24"-34 • 03 22" N; 108 • 11 25"-108 • 12 33" E) is a large canyon-shaped reservoir located in Zhouzhi County, approximately 86 km southwest of Xi'an in Shaanxi Province (Figure 1 ). Xi'an is the capital city of Shaanxi Province and has a population of 8.4 million people. Heihe Reservoir is the most important raw water source for Xi'an, with a daily water supply of 8.0 × 10 5 m 3 . When full, the reservoir has a surface area of 4.55 km 2 ; a total capacity of 2.0 × 10 8 m 3 ; and mean and maximum depths of 44 and 94 m, respectively. Generally, the normal high and minimum water levels are 594 m and 520 m above sea level, respectively. Originating in the Qinling Mountains, the Heihe River, which drains a catchment area of 1481 km 2 , is the main tributary of Heihe Reservoir. The upstream and surrounding landscapes of the reservoir are largely unmodified hills covered by forests that witness little human activity.
Field Observations
Weekly field sampling campaigns were conducted from 2011 to 2014 to investigate water temperature changes at sampling site S1 (34 • 02 13.21 N 108 • 11 58.22 E). In addition, the suspended sediment (SS) concentration was measured during the flood season. Vertical profiles of water temperature were measured every 2 m from the "surface" (0.5 m below the surface) to the "bottom" (0.5 m above the sediments) at S1 using a Hydrolab DS5X (Hach, Loveland, CO, USA). For the SS concentration, samples were taken every 2 m from the "surface" (0.5 m below the surface) to the "bottom" (0.5 m above the sediments). Sampling site S0 (33 • 58 34.52 N; 108 • 08 48.96 E) was located at the Chenhe hydrological station (at an inlet of the Heihe River) and daily inflow hydrological data, including inflow rate, water temperature, and suspended sediment concentration, was collected there from 2005 to 2014. Daily air temperature was obtained from an automatic weather station near the intake tower. We did not set a sampling site between S1 and S0 because there was no tributary in this area. The input from this area can be ignored compared to that from S0. The maximum runoff flow from the Hanyu River, the tributary on the right side, was about 10 m 3 /s during the flood season; this is far less than that of the Heihe River. Therefore, we did not discuss it in this study. 
Results and Discussion
Variation of Inflow Rate and Suspended Sediment (SS) Concentration
There were large oscillations in the monthly average inflow rate at S0 from 2005 to 2014 (Figure 2 ). Seasonal rainfall events were influenced by the monsoon climate, and more than 60% of the annual precipitation for the Heihe Reservoir occurred from July to September [3] . This led to a larger monthly average inflow rate from July to September than during other months. There was an obvious change in the monthly average SS concentration as the monthly average inflow rate varied (Figure 2 ). During the flood season, runoff from both sides of the mountains carried a lot of SS into the Heihe River, thus leading to the rise in SS concentration. At other times, both the monthly average inflow rate and SS concentration were very low. The maximum inflow peak discharge generally corresponded to the maximum SS concentration. However, during the process of runoff formation, the maximum inflow peak discharge was not always consistent with the maximum SS concentration owing to differences in rainfall intensity and concentration of SS in different areas in the Heihe river basin. In this study, we defined an inflow rate above 100 m 3 /s, which corresponded to the maximum inflow peak discharge with the maximum SS concentration on the same day, as the inflow peak discharge. The relationship between the inflow peak discharge (Q) and SS concentration at S0 (C S0 ) is shown in Figure 3a ; from this relationship, Formula (1) below is generated:
where Q is in m 3 /s, and C S0 is in kg/m 3 . Formula (1) was used to calculate the value of C S0 for different inflow peak discharges. The formula worked better when the inflow peak discharge was less than 1200 m 3 /s ( Figure 3a ). Relationships between (a) inflow peak discharge and inflow suspended sediment concentration (C S0 ) and (b) C S0 and suspended sediment concentration at site S1, the entrance to the main reservoir (C S1 ).
Relationship between SS Concentrations at S0 and at S1
S1 was located at the entrance of the main reservoir area. The water quality at this point reflected the quality of the water that was about to enter the main reservoir area. We monitored the SS concentration at S1 during the flood season from 2011 to 2014 and compared it with that at C S0 during the same time (Table 1) . C S1 represents the SS concentration at the undercurrent elevation. For several sets of data (Table 1) , the undercurrent elevation fluctuated within a given range. In this case, C S1 represents the average SS concentration at this range. The peak value of C S0 reached 53.4 kg/m 3 on 29 July 2011, which was significantly higher than other data, indicating that this group of data was not representative. Therefore, it was abandoned when the correlation analysis was performed ( Figure 3b ). Formula (2) below, in which C S1 is given in kg/m 3 , was obtained via data correlation analysis.
where C S1 is in kg/m 3 . Formula (2) can also be used to calculate the C S1 for different C S0 values. The formula worked better when the C S0 was lower than 6 kg/m 3 ( Figure 3b ). Although the C S0 were similar on several days (Table 1) ), there were obvious differences in the measured C S1 value. This was due to the differences in the particle diameter and flow velocity. Generally, particles with a larger diameter result in more obvious sedimentation in the flow process, and different flow velocities change the elevation of undercurrent and thus affect the sedimentation process. It was seen that particle diameter and flow velocity had a very significant influence on the measured results of SS concentration; this was also an important factor that affected the calculation accuracy of Formula (2). Table 1 . Inflow peak discharge and measured inflow suspended sediment concentration (C S0 ) at S0, and elevation of undercurrent and measured suspended sediment concentration (C S1 ) at S1 from 2011 to 2014. The monthly average inflow water temperature and monthly average air temperature varied between 0.4 • C and 22.0 • C and 0.5 • C and 25.1 • C, respectively; there were obvious amplitudes in both values (Figure 4a ). The minimum value of the monthly average inflow water temperature generally occurred in January or February, with the maximum value occurring in July and August every year. From September onwards, the monthly average inflow water temperature and air temperature declined gradually (Figure 4a ). The correlation between the inflow water temperature and air temperature was evident; therefore, we could calculate the inflow water temperature using the air temperature.
A linear regression analysis of daily inflow water temperature (T w ) and daily air temperature (T a ) from 2005 to 2014 was conducted (Figure 4b ), from which we determined Formula (3) below:
where T a and T w are given in • C. 
Inflow Water Temperature for Different Inflow Peak Discharges and Months
There were 52 runoff events with an inflow peak discharge over 100 m 3 /s from 2005 to 2014 ( Table 2 ). The rainfall was mainly concentrated in the period from July to September, with a maximum peak discharge of 1750 m 3 /s (29 September 2005, and 1 September 2012). In May, the inflow water temperature was between 9.5 • C-14.3 • C, with an average value of 12.1 • C. In July, this range was 14.2 • C-21.0 • C, with an average value of 17.0 • C. These were similar to the changes in August, when the temperature ranged from 13.8 • C-20 • C, with an average of 16.5 • C. By September, the inflow water temperature began to decline, varying from 12.0 • C-19.8 • C with an average of 14.6 • C. In October, only two runoff events occurred. In the absence of meteorological data, the inflow water temperature for different inflow peak discharges and months could be roughly estimated using Table 2 . 
Calculated Elevation of the Undercurrent
Verification of the Calculated and Measured Results
In a stratified reservoir, the inflow water would flow into a layer with an equivalent density, with water density thought to be primarily determined by water temperature and SS concentration [24] . The water density was calculated via the following formula [35] :
where D is the water density (kg/m 3 ), T is the water temperature ( • C), and C S is the SS concentration (kg/m 3 ). The inflow water flowed from S0 to S1 as a density current. When it arrived at S1, the temperature of the undercurrent layer was approximately equal to the inflow water temperature at S0. Therefore, the value of T w could be used for T in Formula (4). Incorporating Formulas (1) and (2) into Formula (4), we obtained the following:
The SS concentration was usually very low at S1 before rainfall events occurred. Hence, the SS concentration could be ignored at this time, and the water density of all the vertical layers at S1 could be calculated using the measured water temperature data. Based on Formula (5), we calculated the water density of the undercurrent at S1. According to the principle of equivalent density inflow, the water layer that had the same density before rainfall was the one that the undercurrent flowed into. Thus, the elevation of this layer was the result of the calculation. From 2011 to 2014, 15 typical undercurrent elevations were calculated and compared using the measured data, as shown in Table 3 . There were some errors between the calculated and measured results, but they were generally consistent and the former were able to reflect the undercurrent elevation. 
Calculated Undercurrent Elevation for Different Inflow Peak Discharges
Certain features were identified based on the runoff statistics from 2005 to 2014. There were 16 incidents of rainstorm runoff in July and September, and the range of the peak discharges was particularly high. In August, there were 13 incidents of rainstorm runoff and the maximum peak discharge was 764 m 3 /s, which was less than that in July and September. There were five incidents of rainstorm runoff in May, when the maximum peak discharge was only 486 m 3 /s. Lastly, since only two incidents of storm runoff occurred in October, the data obtained during this period was not representative of that month. Considering the data in Table 2 These values were used to investigate the change in CUE for different months and inflow peak discharge conditions (Table 4) . We chose the inflow water temperature from the data set that had the inflow peak discharge closest to the hypothetical conditions, and used this as the inflow water temperature for each calculation condition.
The results showed that the CUEs ranged from 518 m to 520 m in May. However, in July, the calculated results were around 546 m, except when the inflow peak discharge was equal to 1500 m 3 /s. This is mainly because the inflow water temperature was higher in July than in May. In August and September, as the inflow water temperature decreased, the CUEs also decreased, ranging from 500 m to 528 m (Table 4) . These results could provide data support for an optimal operation scheme for the Heihe Reservoir during the flood season. The intake tower of the Heihe Reservoir is located on the right bank of the dam and has upper, middle, and bottom outlets at elevations of 571.0 m, 554.0 m, and 514.3 m, respectively (Figure 5a ). During the flood season, the water quality of the reservoir might worsen abruptly and affect the water treatment plant. When storm runoff incidents occur, masses of suspended sediment and humus in the inflow water directly cause effluent quality of the water treatment plant to fall to substandard levels [3] . According to the calculation results in Table 5 , because the inflow water temperature was low in May, the CUEs were around 520 m. This was close to the height of the bottom outlet. Meanwhile, when the Heihe Reservoir stratified, the quality of the anaerobic water near the bottom outlet was poor [32] . On the other hand, there could be as much as 20 × 10 6 cells/L of algae in the reservoir in May [36] , when the middle outlet might be the best choice; if the algae were not abundant in the surface water, both the upper and middle outlets could be used. In July, the CUEs increased to about 546 m, except for the inflow peak discharge, which was 1500 m 3 /s; therefore, use of the middle outlet needed to be avoided. If the inflow peak discharge reached 1500 m 3 /s, the CUE was 518 m; this was close to the elevation of bottom outlet, where the concentration of algae in the surface water could be as high as 30 × 10 6 cells/L in July and August [36] . Therefore, the bottom and the upper outlet should be closed. Then, when the CUEs decreased to about 500-528 m in August and September, the bottom outlet should be avoided. However, algae were usually rare in September; therefore, the upper or middle outlet could be used at this point. The spillway tower of the Heihe Reservoir is located on the left bank of the dam, with a bottom elevation of 545 m and a 10 m × 10 m tunnel gate ( Figure 5b ). As a raw water source reservoir, the inflow SS concentration of the Heihe Reservoir is relatively low for most of the year. Therefore, there is no sediment bore at the bottom of the spillway tower. In May, the water level was usually low and a high quantity of water was supplied to the city of Xi'an as it was close to summer. Flood discharge would not be carried out at this time despite the occurrence of any runoff. When the Heihe Reservoir began to discharge floodwater, the spillway tunnel gate would be opened, forming an orifice that would suck in a certain thickness of the water layer, half of which was called the limiting height of aspiration. This value could be calculated using the following formula [37] :
where h is the limiting height of aspiration (m), ϕ is a dimensionless coefficient with a value of 0.74, q is the unit width discharge (m 3 /s), η is the gravity correction coefficient with a value of 0.01, and g is the acceleration due to gravity (m/s 2 ).
The relationship between the flood discharge rate and the open height of the spillway tunnel gate was obtained from the Heihe Reservoir Administration Bureau (Table 5 ). In July, when the peak discharge was less than 1000 m 3 /s, the CUEs of around 546 m were close to the elevation of the spillway tunnel (Table 4 and Figure 5b ). Opening the gate at that time could discharge highly turbid raw water. When the inflow peak discharge reached 1500 m 3 /s in July, the CUE dropped to 518 m, which was similar to that in August. If the high turbidity water needed to be discharged, the open height of the gate needed to be at least 4 m. In September, the CUEs dropped to around 510 m, except when the inflow peak discharge was 1500 m 3 /s; thus, the open height of the gate needed to be greater than 5 m. When the inflow peak discharge was 1500 m 3 /s or higher, the spillway tunnel did not work; hence, a weir could be set up in front of the spillway tower to raise the CUE. Reservoir managers can use these schemes as scientific management strategies.
Analysis of Limitation and Application Prospect
The model for calculating the undercurrent elevation in the Heihe Reservoir was established based on a large amount of measured data. It could provide a quick and manoeuvrable technique by which reservoir managers could respond promptly to the occurrence of rainstorm runoff. However, this model also has certain limitations. The relationship between Q and C S0 worked better when the inflow peak discharge was less than 1200 m 3 /s; when the inflow peak discharge was higher, the result did not fit very well (Table 3 , 09/01/2012). We believe that the neglect of the effects of particle diameter and flow velocity on the sedimentation process was an important reason for this. Furthermore, the inflow water temperature being estimated from the air temperature also led to certain errors in the calculated undercurrent elevation. Despite these errors, the results could still provide a technical scheme for flood discharge and water intake. Moreover, this calculation model is also applicable to other canyon-shaped source water reservoirs although the corresponding correlation analysis should be conducted with data measured from the specific reservoir that the analysis is being applied to. In the future, we aim to do more studies on this issue and establish a model that considers other parameters, such as SS concentration, particle diameter, flow velocity, and water temperature, to calculate the undercurrent elevation. Moreover, we will try to form a visual platform that reservoir managers could use to respond quickly to rainstorm runoff events.
Conclusions
(1) The Heihe Reservoir, a canyon-shaped reservoir in the subtropical zone in northwest China, experiences seasonal rainfall events influenced by a monsoon climate. During the flood season, the SS concentration rises clearly. Based on a correlation analysis of inflow peak discharge (Q) and inflow SS concentration from 2005 to 2014, the relationship between the former and the inflow SS concentration (C S0 ) was represented by the formula C S0 = 0.3899 × e 0.0025Q (R 2 = 0.8015).
Based on a correlation analysis, the inflow SS concentration (C S0 ) and the SS concentration at the main area entrance (C S1 ) from 2011 to 2014 were found to be related by the equation C S1 = 0.0346 × e 0.2335C S0 (R 2 = 0.7681). (2) The inflow water temperature (T w ) and air temperature (T a ) were evidently correlated.
The formula we established by correlating the daily data from 2005 to 2014 was T w = 0.7718 × T a + 1.0979 (R 2 = 0.9008). We statistically analysed the inflow water temperature for different inflow peak discharges and months. In the absence of meteorological data, the inflow water temperature could be roughly estimated. (3) In the Heihe Reservoir, which is a stratified reservoir, the inflow water flows into a layer of an equivalent density. The undercurrent elevations were calculated and the results were compared with the measured data. The calculated results reflected the undercurrent elevation, showing that the formula used could predict the potential undercurrent elevation in the Heihe Reservoir. (4) Fifteen hypothetical calculation conditions, including different months and inflow peak discharges, were established based on the statistics of runoff features from 2005 to 2014. According to the calculation results, a scheme for the optimal operation of reservoirs during the flood season was proposed. In May, the CUEs were approximately 520 m; therefore, if algal blooms occurred during this period, the middle outlet was the best choice for water intake. If the algae concentration in surface water was lower than this, both the upper and middle outlets could be used. When the inflow peak discharge was less than 1000 m 3 /s in July, the CUEs were close to the height of the spillway tunnel. Opening the spillway tunnel gate could discharge highly turbid water; hence, depending on the concentration of algae during this period, either the upper or the bottom outlet could be used. When the inflow peak discharge reached 1500 m 3 /s in July, or runoff occurred in August, the CUEs were around 520 m. Therefore, the open height of the spillway tunnel gate needed to be at least 4 m to discharge highly turbid water; therefore, use of the bottom outlet of intake tower should be avoided. In September, when the CUEs were between 500 m and 520 m, the open height of the gate needs to be at least 5 m when the runoff incidents occur; therefore, the use of the bottom outlet of the intake tower should also be avoided at this time.
